radicals. [4] These findings suggest that zinc deficiency may be associated with the development of diabetic microvascular complications.
Moustafa [5] showed that zinc protects diabetic rats against oxidative changes in the retina and controls hyperglycemia. They also demonstrated that zinc is an antioxidant and a biological membrane stabilizer mediating the protection against DN. Khan et al. [6] showed that zinc supplementation for 12 weeks reduced albumin excretion in microalbuminuria of T2D patients probably via antioxidative mechanisms. Similarly, Hayee et al. [7] conducted a double-blind study and showed that serum zinc levels at baseline are significantly lower in patients with diabetic neuropathy when compared with healthy controls. After 6 weeks of therapy, values of fasting plasma glucose, 2-hour (2-h) plasma glucose after breakfast and motor nerve conduction velocity (median and common peroneal nerve) were altered significantly in patients who received zinc supplement compared with insignificant changes in those receiving placebo. Therefore, zinc therapy may lead to better glycemic control and improvement in DPN.
In recent years, many studies reported lower zinc levels in diabetic patients compared with healthy people. [8, 9] Patients with microvascular complications had marked zinc deficiency compared with diabetic patients but without any microvascular complications. However, most of these studies were small in size and only investigated a single microvascular complication. However, some complication itself maybe the independent risk factor for another complication that might not be studied at the same time. Few studies evaluated the association between zinc level and all the microvascular complications, especially in the Asian population. Our study has included all the microvascular complications with a sample size larger than most of the previous studies.
methoDs

Participants
We included all the hospitalized T2D patients in our department from May 30, 2013 to March 31, 2014. All the patients were hospitalized for uncontrolled hyperglycemia or evaluation of the disease control and complications. All the participants were from the endocrine department. Diabetes was defined using the World Health Organization 1999 criteria: (1) typical symptoms with random plasma glucose ≥11.1 mmol/L; or (2) fasting plasma glucose ≥7.0 mmol/L; or (3) 2-h glucose level in oral glucose tolerance test ≥11.1 mmol/L. People without typical symptoms should repeat the plasma glucose test on the other day. Individuals fulfilling either of the above criteria were diagnosed with diabetes. The key diagnostic feature of T2D included a middle-age or older onset of diabetes, with a progressive disease. Patients were more likely to be overweight or obese, with only mild symptoms or without the typical symptoms. Patients were not prone to ketoacidosis. Patients retained residual β-cell function. The disease could be managed without insulin at the beginning stage. Islet cell and glutamic acid decarboxylase antibodies were both negative.
Diagnostic criteria of microvascular complications
All the participants were diagnosed at the time of hospital discharge. DR was diagnosed by fundus photography and further confirmed ophthalmologically. DN was diagnosed by urinary albumin/creatinine ratio (ACR) and blood creatinine levels. All the patients were asked to provide urine samples for 3 times. DN was diagnosed if the urinary ACR was higher than 30 mg/g twice, or if an abnormally elevated blood creatinine level was detected. Urinary infection and other types of nephropathy were excluded during the diagnosis of DN. DPN was diagnosed based on the results of physical examination and somatosensory evoked potentials.
Study design
Medical history was obtained including details of height, weight, and waist circumference in all the patients. We also obtained the results of hemoglobin A1c (HbA1c), fasting C-peptide, 2-h C-peptide, lipid profile (total cholesterol [TC] × (0.742, for female). Zinc level was assayed by nephelometry using the HITACHI LABOSPECT 008 (Hitachi, Japan); HbA1c was assayed by high-performance liquid chromatography method using Premier Hb9210 (PRIMUS, USA); C-peptide was assayed by electrochemiluminescence method using Cobas e411 (Roche, Switzerland); SCr was assayed by enzymic method using Beckman Coulter AU5800 (Beckman Coulter, USA); TC and TG were assayed by enzymic method using Beckman Coulter AU5800 (Beckman Coulter, USA); HDL-C and LDL-C were all assayed by direct method using Beckman Coulter AU5800 (Beckman Coulter); urine ACR was assayed by picric acid method using Cobas c311 (Roche).
We initially compared the serum zinc levels among patients with various numbers of microvascular complications. We also compared the features of patients with and without specific microvascular complication. A logistic regression analysis was further conducted to analyze the role of serum zinc as an independent risk factor for each microvascular complication. Finally, we compared the characteristics among patients with different serum zinc levels and performed logistic regression to determine the risk factors contributing to lower serum zinc levels. Normally distributed data were expressed as mean ± standard deviation (SD). Student's t-test was used to compare the parameters between two groups. Single-factor analysis of variance (ANOVA) was used to compare the parameters among multiple groups. Data with abnormal distribution were expressed as median (range). Mann-Whitney U nonparameter test was used to compare the parameters between two groups and the Kruskal-Wallis nonparametric test was used to compare the parameters among multiple groups. The chi-square test was used to compare the ratio among groups. A bivariate regression model was used to analyze the correlation between serum zinc level and each microvascular complication. Multiple regression analysis was used to determine the risk factors for low serum zinc level.
Statistical methods
Results
The 412 T2D patients included 233 (56.6%) males and 179 (43.4%) females. The mean age of the participants was 56 ± 14 years, and the medium duration of diabetes was 10 years. Seventy-eight patients (18.9%) had DR; 91 (22.1%) had DN and 234 (56.8%) had DPN. Sixty patients (14.6%) manifested two different microvascular complications and 36 patients (8.7%) exhibited all the three complications.
Association between zinc level and diabetic microvascular complications
We divided all the participants into four groups according to the number of diabetic complications. Among the 412 patients, 141 had none, 175 had one, 60 had two, and 36 had three microvascular complications. The results showed significantly lower zinc level in patients with microvascular complications [ Figure 1 ].
Comparison of patients with and without specific diabetic microvascular complications
Among the 412 patients, 78 had DR. Sex, age, duration of diabetes, HbA1c, fasting C-peptide, 2-h C-peptide, LDL-C, eGFR, and zinc levels were significantly different between the two groups with and without DR. Zinc level in DR patients was significantly lower than in patients without retinopathy (P < 0.001). Patients with DR had a significantly longer duration of diabetes, higher HbA1c, lower C-peptide level, higher LDL-C level, and lower eGFR [ Table 1 ].
Among the 412 patients, 234 had DPN while 178 did not. Age, duration of diabetes, the prevalence of hypertension, eGFR and zinc level were significantly different between the two groups. Zinc level in patients with DPN was significantly lower than in those without (P < 0.01).
Patients with DPN had a significantly longer duration of diabetes, higher prevalence of hypertension and lower eGFR [ Table 2 ].
Among the 412 patients, 91 had DN while 321 had no DN. The results showed that age, duration of diabetes, prevalence of hypertension, HbA1c, HDL-C, eGFR, and zinc level were significantly different between the two groups. Zinc level in DN patients was significantly lower than in patients without retinopathy (P < 0.01). Patients with DN had a significantly longer duration of diabetes, higher prevalence of hypertension, higher HbA1c, lower HDL-C level, and lower eGFR [ Table 3 ]. We further divided the DN patients according to their urinary ACR into three groups: (1) normal group with ACR <30 mg/g (n = 321), (2) microalbuminuria group with 30 ≤ACR <300 mg/g (n = 67), and (3) macroalbuminuria group with ACR ≥300 mg/g (n = 24). A significantly lower zinc level was observed in patients with higher ACR level [P < 0.01, Figure 2 ]. Table 4 summarizes the association between serum zinc level and each diabetic microvascular complication. A negative correlation is shown between zinc level and DN. After adjustment for age, duration of diabetes, prevalence of hypertension, body mass index (BMI), HbA1c and eGFR, there was a significant negative correlation between zinc level and DN (odds ratio: 0.869; 95% confidence interval: 0.765-0.987; P < 0.05). Whereas no significant correlations were found between zinc level and either DR or DPN. 
Logistic regression analysis of zinc levels and diabetic microvascular complications
Patient profile under different levels of serum zinc and risk factors for lower serum zinc level
We divided all the patients into three groups according to their zinc levels. Zinc levels in upper tertile group ranged from 14.53 to 27.90 µmol/L. The middle tertile range of zinc level was 12.74-14.53 µmol/L and the lower tertile was 7.63-12.74 µmol/L. Patients with low zinc level showed a higher prevalence of all the three diabetic microvascular complications. Compared with the patients with zinc levels within the middle and upper tertiles, those with zinc level within the lower tertile were older and had a longer duration of diabetes, higher HbA1c, lower C-peptide, TC, TG and eGFR levels [ Table 5 ].
The logistic regression analysis revealed that serum zinc level was negatively correlated with age, diabetes duration, HbA1c level, and the prevalence of DN, and was positively correlated with TG level [ Table 6 ].
Discussion
Our study showed that the increased incidence of diabetic microvascular complications was accompanied by decreased serum zinc level in patients with T2D. However, evidence supporting the role of zinc insufficiency as an etiological factor of diabetic microvascular complications is scarce.
In our study, we found lower zinc levels in DR patients than in those without DR, consistent with previous studies, suggesting that zinc might play an important role in the development of DR. [5, 9, 10] Zinc is a retinal protective factor, by stabilizing the membrane structure, activating metallothionein, clearing free radicals and inhibiting lipid peroxidation, it may reduce the expression of vascular endothelial growth factor, and inhibit the neovascularization and exudation. [11] Our results suggest that in T2D patients with a relatively low zinc level, the protective effect of the anti-oxidative zinc may be reduced, and the risk of DR may be elevated. Our study failed to reveal any independent relationship between zinc level and DR, perhaps due to the limited sample size. Furthermore, we failed to adjust the zinc intake from the food, leading to possible impact on the serum zinc level. Finally, we did not collected the detailed information of DR, which may be helpful for us to further analyze the association between zinc level and different stage of DR.
Our study also showed that the zinc level was significantly lower in patients with elevated urinary ACR, patients with an ACR over 300 mg/g were associated with the lowest zinc levels in serum. Our study also suggested that serum zinc level was an independent risk factor for DN. A previous animal study had shown that zinc supplementation raises the zinc levels in renal tubular epithelial cells, up-regulates the expression of metallothionein in the renal tubular cells, and inhibits the renal oxidative damage, inflammation and expression of connective tissue growth factor via its antioxidative effect. [12] Since zinc may exhibit a protective effect in DN, patients with low zinc level were more likely to show an elevated ACR. Brun et al. [13] showed much higher urinary zinc excretion in diabetic rats with albuminuria, concluding that incipient nephropathy in terms of microalbuminuria was associated with a highly significant increase in zinc excretion.
Our study also showed that zinc levels were significantly lower in patients with DPN. Oxidative stress was a major cause of DPN. [14] Migdalis et al. [15] demonstrated a negative relationship between zinc level and lipid peroxidation. Therefore, a lower serum zinc level in patients with DN in our study might be attributed to the elevated lipid peroxidation. Another animal study showed that zinc is a protective factor in DN via regulation of metallothionein expression and inhibition of oxidative stress. [16] Therefore, in patients with a lower zinc level, this protective effect may be abrogated.
In our study, we found that a decrease in zinc level may led to an increase in the proportion of metabolic disorders in females, which indicates a higher risk of zinc metabolic disorders in women. Studies done by McNair et al. [17] had shown that urinary zinc excretion in women is higher than in men, which might lower the serum zinc level. Our study also showed that zinc levels in the serum were lower in patients with longer duration of diabetes, similar to the results reported previously. [18] We have also showed that patients with lower zinc level had higher HbA1c and lower C-peptide levels, suggesting that patients with lower zinc level manifested worse glucose control and severe β-cell dysfunction.
However, our study was a cross-sectional study. The results of our study only suggest an association between zinc level and diabetic microvascular complications. The other limitation relates to the failure to adjust the zinc intake and urine zinc excretion, which may be an important confounding factor. A randomized controlled trial is needed to establish the causal relationship between serum zinc level and the development of diabetic microvascular complications.
In conclusion, our study suggested that lower serum zinc level in T2D patients was related to higher prevalence of diabetic microvascular complications and represented as an independent risk factor for DN. Patients with lower serum zinc level were more likely to have a longer duration of diabetes, poorer glucose control, and worse β-cell function. Older age, longer diabetes duration, higher HbA1c level, and the prevalence of DN were risk factors related to the lower serum zinc level. 
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